The implementation of local water recycling and reuse practices is considered as a possible approach to managing issues of water scarcity. The sustainable design and implementation of a water recycle/reuse scheme has to achieve an optimum compromise between costs ͑including energy͒ and benefits ͑potable water demand reduction͒. Another factor that should be taken into account is the influence of potential changes in climatic conditions to the scheme's efficiency. These issues were assessed in this study using the urban water optioneering tool. Two water-recycling schemes, a rainwater harvesting and a combination of rainwater harvesting and local greywater recycling, were assessed. The trade-off between potable water demand reduction, capital/operational cost, and energy consumption of the two schemes was derived under three basic climatic conditions ͑oceanic, Mediterranean, and desert͒ using evolutionary optimization. Furthermore, the impact of changing climatic conditions on the suggested schemes was analyzed to assess the robustness of the proposed design choices to climatic changes. The results indicate that schemes that are efficient in their use of local greywater are less susceptible to changes in climatic conditions, while schemes based exclusively on rainwater harvesting are more susceptible to changes the more efficient they become.
Introduction
Increasing water scarcity, caused by either climate change ͑Voros-marty et al. 2000͒, increasing consumption ͑Rosegrant et al. 2002͒ , or both, has drawn attention to the possibility of reengineering the urban water cycle to implement water recycling and reuse practices ͑Hurley et al. 2007 ; Liu et al. 2006; Makropoulos et al. 2006͒ . Examples of these new practices are the use of treated greywater ͑or "greenwater"͒ for a variety of nonpotable water uses in the household ͑Dixon et al. 1999; Leggett et al. 2001; Memon et al. 2007; Shirley-Smith 2005͒ and at larger scales ͑see review by Gikas and Tchobanoglous 2009͒ . Experience suggests, however, that the successful design and implementation of these new practices is not always straightforward ͑Shirley-Smith and Butler 2008͒ and further support to practitioners is warranted ͑Brown et al. 2009͒, including, but certainly not restricted to, the development of dependable, user-friendly tools able to analyze/simulate the total water cycle.
The successful design of water recycling schemes should attempt to minimize at the same time water, energy, and cost and perform adequately in the longer term-possibly even under changing climatic conditions. In classic single-objective approaches, these criteria are normalized and recombined into a single function using weights. The main disadvantage of this approach is that the weights, i.e., the user preferences, must be expressed prior to the optimization run ͑Kapelan et al. 2003͒ . To avoid this disadvantage, a formal multicriteria approach is preferable, able to produce nondominated solutions ͓in the form of a Pareto front ͑PF͔͒. This set of solutions can be subsequently used as material for stakeholder consultation, assisting them to visualize trade-offs between different criteria ͑Xiao et al. 2007͒ and to develop a repository of alternative options from which a choice can be made after negotiation ͑Srdjevic 2007͒. This study developed sets of alternative design solutions for two water recycling schemes under three basic climatic categories ͑oceanic, Mediterranean, and desert͒, using a decision support tool that simulates the total urban water cycle. The basic structure and functionality of this tool, the urban water optioneering tool ͑UWOT͒, is presented in Makropoulos et al. ͑2008͒ .
In this study, UWOT was first applied as an optimization tool. For this purpose, the multiobjective optimization algorithm NSGA-II ͑Deb et al. 2000͒ was used to obtain the PF of the "optimal" design variables for each of the two recycling schemes for a range of criteria under the three climatic conditions. UWOT was then used as an assessment tool. The optimization results from the Mediterranean climatic conditions were assessed under a potential reduction of the annual precipitation providing an estimate of the influence of changes in climatic conditions on the PF solutions.
The paper begins with a brief introduction to UWOT, including upgrades and changes beyond those discussed in Makropou-los et al. ͑2008͒. The description of the case study and the results of UWOT application are then presented and critically discussed.
Description of UWOT
UWOT is a decision support tool that simulates the urban water cycle by modeling individual water uses and technologies for managing them and assessing their combined effects at development scale. UWOT simulates both "standard" urban water flows ͑potable water, wastewater, and runoff͒ as well as their integration through recycling schemes ͑including for example greywater, treated greywater, and rainwater͒. The water system components of the development are represented inside UWOT using a three level hierarchical structure ͑Fig. 1͒: 1. Lower level. This level includes the individual household water appliances ͑e.g., toilets, washing machines, local treatment units͒. 2. Middle level. This level includes the households as well as "central" technologies ͑i.e., technologies such as centralized greywater treatment, centralized wastewater treatment, or a development scale drainage system͒. Each household includes ͑1͒ water using appliances, ͑2͒ in-house water infrastructure ͑greenwater tanks, pipeworks͒, and ͑3͒ a set of characteristics that affect the water budget ͑occupancy, pervious/impervious area͒. 3. Higher level. The higher level is the urban development as a whole. An urban development could range from a new neighborhood to a new village or small town. An urban development is defined by the number of household types included in the development, the public pervious/impervious areas of the development, and the type of the recycling/treatment scheme.
UWOT is linked to a database ͑hereafter referred to as the "technology library" ͑Sakellari et al. 2005͒ that contains information on the major characteristics of both in-house and development scale water system components. . The basic advantages of this algorithm is ͑1͒ the reduced computational complexity ͓the complexity is O͑mN 2 ͒ compared to the usual of O͑mN 3 ͒, where m is the number of objectives and N is the population size͔, ͑2͒ the nondominated sorting approach, and ͑3͒ the use of a selection operator which creates a mating pool by combining the parent and child populations and selecting the best ͑with respect to fitness and spread͒ N solutions.
UWOT Application
In this paper, two hypothetical water-saving schemes employing local recycling and water reuse techniques were studied. The first scheme is depicted in Fig. 2 . In this scheme, the harvested rainwater ͑R t is the harvested rainfall volume during the time interval t from the rainwater harvesting area Ah͒ is stored in a local tank and used for toilet flushing, washing machine, and outside uses ͑Yn t is the water yield volume from local tank during the time interval t͒. This should be considered realistic as work has shown that use of rainwater within the household does not generally have adverse ͑health or technical͒ effects ͓e.g., for use of rainwater in washing machines, see Herrmann and Schmida ͑2000͔͒. Clearly, local characteristics of the rain and of the roofs or collecting areas need to be taken into account, but health impact assessment studies have shown rainwater harvesting to be a low risk water source ͑Heyworth et al. Fewtrell and Kay 2008͒ . The rest of the appliances are supplied with potable water from water mains ͑Mp t is the potable water volume supplied from the mains to the household during the time interval t͒. Potable water from the mains is also used to ensure that the water level ͑Vn t is the water volume in store at the beginning of the time interval t͒ in the local tank does not drop under a minimum threshold ͑Vmin͒. If the water level exceeds the local tank capacity ͑Sn͒, the surplus water is spilled ͑On t is the overflow volume from the local tank during the time interval t͒ into the rainwater drainage system. The output of all local appliances is considered wastewater and is sent to the wastewater drain ͑WW t is the wastewater volume produced from the household during the time interval t͒.
The second scheme is depicted in Fig. 3 . The difference from the previous scheme is that greywater from the shower, bath, and hand basin ͑Lr t is the greywater volume from the household appliances during the time interval t͒ is treated locally and stored in a local tank ͑Ln t is the treated greywater volume from the local greywater treatment unit during the time interval t͒ along with the harvested rainwater. Organic sediments and particles are filtered out in the local greywater treatment unit and diverted into the wastewater drain ͑Or t is the volume of the excess greywater plus water losses and by-products from greywater treatment during time the interval t͒. The water losses and flow of by-products was assumed here ͑conservatively͒ to be 3% of the incoming flow, as an example. This value is a function of the efficiency of the particular treatment technology used and can be specified by the user through UWOT's technology library.
The treatment process included in this specific scenario comprises of four treatment stages: initially, the incoming greywater is filtered and then two stages of biomechanical cleaning process follow. Finally, the water is sterilized using UV. It is suggested that this level of treatment is feasible and given the sources of greywater in our scenario, and its eventual mix with rainwater, the resulting water quality should be quite adequate for the investigated uses ͑toilet flushing, washing machine and outside uses͒.
To increase optimization speed and simplify the modeling exercise, a test development with only one household is investigated in this study ͑an unrestricted, user-defined number of houses can be simulated by UWOT, with household results aggregated at the development scale͒. This household was assumed to have 130 m 2 of rainwater harvesting area and four occupants ͓i.e., the typical four bedrooms household of the Elvetham Heath development in the U.K. ͑Parsons and Sim 2007͔͒.
The simulation time step was daily ͓see Makropoulos et al. ͑2009͒ for a discussion on the effect of daily time steps on realistic representations of the urban water cycle͔ and the simulation period length was five years ͑five years with daily time step is the maximum number of simulation time steps allowed by the current model version͒. The two schemes were examined using three time series of daily rainfall obtained from the Freemeteo database ͑Freemeteo 2008͒. The first time series is recorded from a meteorological station in London Heathrow Airport, the second from a meteorological station in Paphos Airport in Cyprus, and the third from a meteorological station in Qatar's Doha Airport. All time series start at October 1, 2000 and end at September 30, 2005. The average monthly rainfall and the average rainfall events per month at these locations ͑for this specific five-year period͒ are These locations according to the Koppen classification ͑Peel et al. 2007͒ belong to the climatic categories Cfb ͑oceanic climate͒, Csa ͑Mediterranean climate͒, and BWh ͑desert͒, respectively. In this study, the results from each one of these three time series are used to derive general conclusions for the corresponding climatic category.
The water demand is calculated by UWOT using the frequency of use and the required amount of water per use of each household appliance. These are considered constant during the simulation period and unaffected by the climate to facilitate comparisons. This is, of course, a simplification, particularly as far as outdoor uses are concerned, since in dryer climates, evapotranspiration is expected to increase and hence one could argue for increased outdoor uses. However, not every outdoor use is affected by the climatic conditions ͑for example, car washing͒. Furthermore, it is less than straightforward to determine how increased evapotranspiration will affect water consumption for outdoor uses: in dryer climates, for example, increased irrigation needs for the same area and the same vegetation are expected and can be calculated. Nevertheless, adaptation practices involving smaller vegetation areas and different types of plants cannot be ignored, leaving irrigation needs potentially unaffected ͑Balling et al. 2008͒. It is therefore suggested that the simplifying approach adopted in these simulations, treating uses as constant with climatic changes, is justified by the lack of more a specific sociocultural evidence base.
The study for each of the two schemes was conducted in two stages. During the first stage, the characteristics of each of the two schemes were optimized using the GANetXL optimization algorithm. The parameters to optimize and the optimization constraints are displayed in Table 1 . The local treatment unit with id 1 corresponds to a unit with a capacity of 150 l/d whereas the local treatment unit with id 3 corresponds to a unit with a capacity of 600 l/d. The four objectives used for optimization were: potable water demand, capital cost, operational energy ͑required for the greywater treatment process, sterilization, and pumping of the treated greywater back to the rain/green water tank͒, and operational cost ͑maintenance cost, i.e., labor and spare parts cost͒. The NSGA-II algorithm parameters are displayed in Table 2 .
During the second stage, the influence of a potential change of prevailing climatic conditions on the two test schemes was investigated. The design resulting from the multiobjective optimization under Csa climatic conditions was examined under a potential reduction of the annual precipitation to assess its robustness.
It should be noted that the parameters included in Table 1 are not the only parameters that could be optimized using UWOT. Additional parameters could include:
• Type of water appliances used in the household ͑in each of the six household "types" UWOT supports͒.
• Percentage of impervious/pervious/rainwater-harvesting areas.
• Type of water recycling scheme ͑at the household or development scale͒. More information on UWOT parameters, which can all be subject to optimization, can be found in Makropoulos et al. ͑2008͒. Clearly, requesting additional parameters to be optimized would have an impact on optimization time.
Results

Stage 1: PF of Scheme 1 and Scheme 2
The parameter to be optimized in scheme 1 ͑tank capacity͒ influences only two out of the four objective functions ͑specifically capital cost and potable water demand since greenwater is assumed to be supplied by gravity, eliminating any requirements for energy and operational cost͒. The trade-off between capital cost and potable water demand reduction for scheme 1 for Cfb, Csa, and BWh climatic conditions is displayed in Fig. 5 . The percentage increase of the capital cost is calculated with respect to the capital cost of a conventional water system ͑no water recycling/ reuse͒. All curves in Fig. 5 intersect the x axis at 34%. This reflects capital cost increase due to the installation of the pipework ͑which is common to all solutions͒.
A capital cost increase of 64% in Cfb ͑Oceanic͒ climatic conditions results in a reduction of potable water demand by 30%. Only marginal further reduction can be achieved even with significant capital cost increase.
In Csa ͑Mediterranean͒ climatic conditions, a capital cost increase of 64% results in only 15% potable demand reduction. The maximum achievable potable water demand reduction is 20%, which can be achieved with increasing capital cost by 160%. Fig. 4 . Monthly rainfall characteristics of Cfb, Csa, and BWh climatic conditions. Cfb, Csa, BWh events: the average number of rainfall events per month in the Cfb, Csa, and BWh climatic conditions. Cfb Csa, BWh height: the average monthly rainfall depth per month in the Cfb, Csa, and BWh climatic conditions The maximum achievable potable demand reduction in BWh ͑desert͒ climatic conditions is less than 3%. This reduction can be achieved with a 55% increase in capital cost.
Parallel coordinate plots ͑PCPs͒ ͑Inselberg and Dimsdale 1990; Ward 1994͒ were used to visualize the results of multiobjective optimization for scheme 2. In PCPs, each objective function is plotted against a different axis. The N axes ͑in this case, the four axes͒ are organized as uniformly spaced vertical lines. Each solution of the N-dimensional ͑in this case fourdimensional͒ PF manifests itself as a set of points, one on each axis. To improve graph clarity, only the boundaries and the median of the set of points in each axis are presented ͑see Figs. 6 and 7͒.
In the present case study, the four objective function values differed by orders of magnitude and for this reason, standardized values were used in the PCPs. The objective function values were standardized using the formula where O ij is the jth objectivefunction value ͑j ranges from 1 to 4 where 4 is the number of the objective functions͒ for the ith PF solution ͑i ranges from 1 to 70 where 70 is the population size͒, j is the average of the O ij for i = 1 , . . . , 70, and j is the standard deviation of the O ij for i = 1 , . . . , 70.
The results of the optimization of scheme -2 are displayed in Fig. 7 . From this figure, the following can be noted for scheme 2:
• The median values of energy and operational cost under Cfb climatic conditions are very close to ͑almost coincide with͒ the lower boundaries.
• The higher median value of capital cost occurs under Csa climatic conditions. • The median values of energy and operational cost under BWh climatic conditions are closer to the upper boundaries. The consumption per water type of scheme 1 PF solutions that achieved the minimum potable water demand ͑regardless of the cost͒ under Cfb, Csa, and BWh climatic conditions is displayed in Fig. 8 . This figure indicates that scheme 1 achieved negligible water saving in BWh climatic conditions.
The consumption per water type of scheme 2 PF solutions that achieved the minimum potable water demand ͑regardless of the costs and energy͒ under Cfb, Csa, and BWh climatic conditions is displayed in Fig. 9 . This figure suggests that scheme 2 achieved satisfactory water savings even in BWh climatic conditions. Recycled water ͑including both treated greywater and harvested rainwater͒ covers 47, 47, and 42% of the water demand in Cfb, Csa, and BWh climatic conditions, respectively.
Stage 2: Impact of Changes in Climatic Conditions
According to recent reports of the Intergovernmental Panel on Climate Change ͑IPCC 2007͒, the trend of annual precipitation is positive in regions with Cfb climatic conditions. On the other hand, annual precipitation is expected to decrease by 20% by the 6 . PCP of scheme 1 for Cfb, Csa and BWh climatic conditions. In the vertical axis, the standardized values of the objective functions. Pot: the potable water demand; Cap: the capital cost; Nrg: the operational energy; and Ope: the operational cost Fig. 7 . PCP of scheme 2 for Cfb, Csa, and BWh climatic conditions. In the vertical axis, the standardized values of the objective functions. Pot: the potable water demand; Cap: the capital cost; Nrg: the operational energy; and Ope: the operational cost Fig. 8 . Consumption per water type of the scheme 1 PF solutions that achieved the minimum potable water demand under Cfb, Csa, and BWh climatic conditions end of 21st century in many regions currently characterized by Csa climatic conditions. For this reason, the 70 PF solutions of the two schemes for Csa climatic conditions were assessed using the historical rainfall time series multiplied by a reduction coefficient equal to 0.8. Fig. 10 presents the percent increase of potable water demand of the 70 scheme 1 solutions assessed under rainfall time series with reduced annual precipitation. The maximum increase of demand for potable water ͑as opposed to recycled͒ is almost 4%.
The percentage increases of demand for potable water of the 70 scheme 2 solutions are shown in Fig. 11 . The maximum percentage increase is almost 1.5%.
Discussion
Scheme 1
The maximum rainwater that can be harvested ͑given by the rainwater harvesting area multiplied by the annual rainfall depth͒ in Cfb, Csa, and BWh climatic conditions are 87.3, 56.4, and 8.0 m 3 / year or 240, 155, and 22 l/d, respectively. This is equal to the 37, 24, and 3% of the household water demand. The corresponding estimated values from UWOT, indicating solutions that achieved the greater potable water demand reduction, are 226, 130, and 23 l/d ͑Fig. 8͒ or 35, 20, and 3% of the water demand. These values are slightly lower than the values corresponding to the maximum rainwater that can be harvested because of the optimization constraints ͑see local tanks max size in Table 1͒ .
The dependence of the performance of the scheme on climatic conditions is indicated in Fig. 6 . A close look in the Cfb PCP plots in Figs. 6 and 7 reveals that the potable water demand median of scheme 1 is inside the scheme 2 boundaries. This means that under Cfb climatic conditions, some of the scheme 1 solutions achieved the same potable water demand reduction as some of the scheme 2 solutions. This does not happen in the other two climatic conditions meaning that in Csa and BWh climatic conditions, all solutions of scheme 1 achieved less potable water demand reduction than any of the scheme 2 solutions. In BWh climatic conditions, the boundaries are very close to each other ͑Fig. 6͒, indicating the lack of efficient alternative solutions.
The increase of potable water demand due to a reduction in the annual precipitation ͑climate change͒ can be estimated by multiplying the present potable water demand with the coefficient r AB where
where D tot = daily water demand ͓L 3 ͔; D grn = daily green water demand ͓L 3 ͔; R A = average daily harvested rainfall of the present climatic conditions ͓L 3 ͔; and R B the average daily harvested rainfall of the future climatic conditions ͓L 3 ͔. The potable water demand increase, when assessing the Csa PF solutions under reduction of the annual precipitation by 20%, is according to Eq. ͑1͒ 6.3%. This value corresponds to the theoretical case where the annual rainwater harvesting capacity equals to the annual precipitation. A comparison with the maximum value of Fig. 10 suggests that Eq. ͑1͒ can be used to obtain an estimation of the effect of climate change on a recycling scheme that is based exclusively on rainwater harvesting.
The potable water demand increase is lower for the solutions on the right side of the bar plot in Fig. 10 . The solutions on the right side are the low cost implementations with small tank ca- pacities. In other words, this figure suggests that the more efficient a rainwater harvesting scheme is, the more susceptible it is to changes in climatic conditions.
Scheme 2
In Cfb climatic conditions, the average number of rainfall events per month varies between 10 and 15 ͑Fig. 4͒ and the average monthly rainfall depth between 36 and 57 mm. This relatively uniform distribution of rainfall-events' frequencies and rainfall depths throughout the hydrological year results in a sufficient amount of harvested rainwater. Only a limited extra supply from the local greywater treatment unit is required to cover the household demand for recycled water. This limited supply can be provided with low operational cost and energy consumption. This explains the proximity of the median values of energy and operational cost to the lower boundaries in Fig. 7 .
The PF solutions of Csa climatic conditions tend to require a larger capital cost than the solutions of the other two climatic conditions because they suggest larger tanks are needed. The tanks in Csa tend to be larger than the other climatic conditions to take advantage of the considerable annual precipitation depth that is however characterized by a significant variation of events frequency during the hydrological year ͑Fig. 4, the average number of events per month varies between 0 and 11͒.
The PF solutions of BWh climatic conditions tend to use small tanks because of the very low annual precipitation. To compensate for the reduced annual precipitation, the BWh PF solutions tend to use larger local treatment units than the other climatic conditions. This explains why the median values of energy and operational cost are higher than those of the other climatic conditions in Fig. 7 .
In this case study, the demand from appliances that are supplied from the local tank using recycled water ͑washing machine, toilet, and outside uses͒ was 306 l/d or 47% of the total household water demand ͑the demand of the remaining appliances, supplied with potable water, is 347 l/d͒. Fig. 9 indicates that the appropriate solution can efficiently reduce the potable water demand even in BWh climatic conditions. The Cfb and Csa solutions of Fig. 9 supply enough recycled greywater to fully cover the demand of the appliances that can use it. The BWh solution covers with recycled greywater 90% of the demand of the appliances that can use it ͑the remaining 10% is covered with potable water͒. Fig. 11 indicates that the scheme is hardly influenced by changes in climatic conditions.
Conclusions
Two water recycling schemes ͓͑1͒ rainwater harvesting only and ͑2͒ rainwater harvesting plus local greywater treatment͔ were optimized for three climatic conditions ͑Cfb, Csa, and BWh͒ using the UWOT decision support tool. A multiobjective optimization approach was used to obtain a set of alternative solutions ͑PF͒ for each climatic condition. The PF solutions of the Csa climate were then examined under reduced annual rainfall by 20%, following IPCC recommendations. The results of this investigation can be summarized as follows: 1. A local rainwater harvesting scheme can only offer minor potable water demand reduction ͑3%͒ under BWh climatic conditions. The same scheme can provide a reduction to potable water demand by 20% in Csa climatic conditions but with a significant increase in capital cost ͑of the order of 160%͒. In Cfb climatic conditions, a 30% reduction of demand for potable water can be achieved with an increase of capital cost by 64%. Assuming annual interest equal to 3% ͑average rate of interest on investment account for the period 2001-2007, UK Office of National Statistics 2009͒ and water price 1.6 £ / m 3 ͑South West Water 2009͒ the payback period for this capital cost increase would be 25 years ͑the corresponding period, for capital cost increased by 64%, would be 40 years in Csa climatic conditions͒. 2. The combination of rainwater harvesting with a local greywater treatment unit can reduce the demand for potable water by more than 42% even in BWh climatic conditions. Furthermore, this scheme is hardly influenced by changes in climatic conditions. The disadvantage of this scheme is that both operational cost and required energy increase in climates with low annual precipitation. This is consistent with the trade-off identified between water and energy in urban water management for a given technological level ͑Butler and Makropoulos 2006͒. Ultimately, the paper articulates and quantitatively supports an intuitive conclusion: Although rainwater harvesting alone ͑if properly designed͒ can achieve significant reductions in the demand of potable water for in-house uses, in a range of different climates, this water source depends on stochastic phenomena ͑cli-matic conditions, including rainfall and temperature͒ whose variation introduces long-term uncertainties in the systems' performance. To the extent these variations are significant, this uncertainty can be counterbalanced by introducing a level of system redundancy, in the form of capturing, treating, and recycling greywater as well. Although this improves the robustness of the overall solution under changing conditions, due to the invariant nature of greywater as a water resource, this is by no means a no-cost option. It results in an increase of maintenance and energy costs, the extent and availability of which is linked to technological innovation and the renewable or otherwise nature of energy resources.
